In this article we review proton decay in the supersymmetric grand unified models.
Introduction
The grand unified model (GUT) of the strong and electroweak interactions is motivated not only from an esthetic point of view, but also due to the problem of the electric charge quantization in the standard model (SM) [1] . The electric charge quantization is experimentally proved up to 10 −21 [2] . Also, the unification of the gauge coupling constants, which is one of the GUT predictions, is shown to be valid in the supersymmetric extension of the GUT (SUSY GUT), and it is found that the GUT scale (M GUT ) is about 10 16 GeV [3] .
The GUT has two aspects. One is the unification of the SM gauge groups to a simple group, such as SU (5) or SO (10) . The charge quantization and the gauge coupling constant unification come from the unification of gauge groups. The other is unification of matters. In the SU(5) GUT, quarks and leptons are embedded in an economical and elegant way as
where Q ≡ (u, d) and L ≡ (ν, e). Here, we adopt the left-handed basis for fermions and omit the chirality indices of fermions as far as it does not lead to confusion in this article. In the SO(10) GUT the right-handed neutrinos are introduced and the embedding becomes simpler as
The atmospheric neutrino observation by the Super-Kamiokande experiment [4] suggests that the tau neutrino has a finite mass (m ντ ∼ 10 −(1−2) eV). If the tiny neutrino mass comes from the see-saw mechanism [5] , the right-handed tau neutrino mass is expected to be (10 2 GeV) 2 /10 −(1−2) eV∼ 10 15 GeV. It is close to the GUT scale and supports the SO(10) SUSY GUT.
The unification of matters leads to violation of the global symmetries in the SM, such as baryon, lepton, and lepton flavor numbers, and then, proton decay and lepton-flavor violating processes are predicted. In this article we will concentrate on the proton decay in the SUSY SU(5) GUT. The proton decay is the direct prediction for the model, and the search is the most important for confirmation of the GUT.
For the lepton-flavor violating processes in the SUSY GUT, see Refs. [6] .
There are two sources to induce the proton decay in the SUSY SU(5) GUT.
One is the X boson, accompanied with the unification of gauge groups. The proton lifetime predicted by the X boson exchange is proportional to M 4 X with M X the X boson mass, since the X boson exchange induces the dimension-six operators.
The dominant decay mode is p → π 0 e + . While this prediction is almost modelindependent, the lifetime is sensitive to M X . If M X ∼ 10 16 GeV, the lifetime is 10 (34−36) years, which is beyond the current experimental reach.
The second one is the colored Higgs, which is introduced for doublet Higgs in the SUSY SM to be embedded into the SU (5) 
with the colored Higgs H C and H C . The superpotential of the Yukawa coupling for the doublet and colored Higgs is given as
where the indices i and j(= 1 − 3) are for the generations. In the minimal SUSY SU(5) GUT H C and H C have a common mass term by themselves, and then, the colored Higgs exchange gives following dimension-five operators,
Since squarks or sleptons are on the external lines of these operators, Higgsino or gaugino is exchanged between them so that proton can decay (Fig. (1) ). The contractions of the indices for the gauge symmetries in Eq. (3) are understood as
with α, β, and γ being color indices. Note that the total antisymmetry in the color indices requires that the operators are flavor non-diagonal (i = k). Therefore the 
The largest uncertainty to the decay rate predicted by the colored Higgs exchange comes from the colored Higgs mass itself in the minimal SUSY SU(5) GUT. However, the mass spectrum at the GUT scale can be constrained and the colored Higgs mass can be evaluated from the low energy parameters [11] . Due to the gauge coupling unification in the minimal SUSY SU(5) GUT we can derive the following relations from the renormalization group equations of the gauge coupling constants at oneloop level,
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Here, we take the SUSY particle masses in the SUSY SM to be common (m SU SY ).
M Σ is the mass for the SU(3) C octet and SU(2) L triplet components in the 24-dimensional Higgs for SU(5) gauge symmetry breaking, which survive as the physical degrees of freedom after the Higgs mechanism. In Ref.
[12] the upperbound on M H C is derived from Eq. (6), including the various correction to it, as
On the other hand, the recent study for the proton decay [10] shows
from the experimental bound on the proton lifetime τ (p → K +ν ) > 6.7 × 10 32 years [13] , assuming the squark and slepton masses are lighter than 1TeV. Then, the minimal SUSY SU (5) GUT is excluded now.
While the minimal SUSY SU (5) automatically or accidentally, the lowerbound on M H C becomes looser. In this case, the mode of K 0 µ + may be dominant. One of the explicit models is given in Ref. [14] .
Second, in some models the effective mass for the colored Higgs, which suppressed the dimension-five operators, can be much heavier than the GUT scale [15, 16, 17] .
The dimension-five operators given in Eq. [18] is introduced, this mechanism works [15, 16] . The PQ charges for matters and Higgs are assigned as
where
). This symmetry prohibits the mass term ∼ M H C H C H C and the dimension-five operators in Eq. (3). After the PQ symmetry is broken at M PQ ∼ 10 (10−12) GeV, the dimension-five operators are generated.
However, they are suppressed by M PQ /M GUT ∼ 10 −(4−6) and they are harmless.
In order to confirm the SUSY GUT, we need more model-independent predictions, which come from the gauge sector. One of them is the proton decay induced by the X boson. Then, we would like to discuss the model-dependence in next section.
Proton decay induced by the X boson exchange
In this section we show the proton decay rate induced by the X boson exchange, and discuss the model-dependence. The X boson, is SU(3) C 3 ⋆ -and SU(2) L 2-dimensional, and the hypercharge is −5/6. The interaction of the X boson to matter fermions is given as follows;
This interaction leads to the following baryon-number violating operators, which (11) where A R is the renormalization factor from the anomalous dimensions to these operators.
The renormalization factor A R has the short-distance contribution (A at one-loop level is given as (12) where b 3 = 9 − 2n g and b 2 = 5 − 2n g with n g the number of the generations [19] .
Here, we do not include the U(1) Y contribution. It is expected to be smaller while it has not been calculated completely. If the SUSY SM is the low energy effective theory below the GUT scale, A (SD) R = 2.1 for α 3 (m Z ) = 0.116, sin 2 θ W = 0.2317, and α −1 (m Z ) = 127.9. The long-distance part A
From the effective lagrangian (11) the proton lifetime from (14) where m p is the proton mass, f π is the pion decay constant, and D and F are the
α H had one-order ambiguity in the old theoretical calculations and it led to a large uncertainty to the prediction. The latest evaluation by lattice calculation [20] gives
They adopt the naive dimensional renormalization scheme with the renormalization scale (µ had ) 2.3GeV. This lattice calculation is the first realistic one, in which enough a large lattice spacing and a large statistics are prepared. While this calculation still has ambiguities from the quenched approximation and the a −1 correction, they are expected to be at most O(10)%. Finally, we get [22] .
show the lowerbound on the X boson mass in the minimal SUSY SU(5) GUT as a reference point [9] ,
This bound comes from the constraint from the gauge coupling unification given in Eq. (7),
and validity of perturbation below the gravitational scale, GeV. The masses for the extra matters M are taken to be 10 2 , 10 4 , and 10 6 GeV.
M X ≥ 8.7 × 10 15 GeV [21] . From this figure, it is found that we need further effort to confirm or reject the SUSY GUT.
We have assumed that the SUSY SM is valid below the GUT scale. However, even if extra SU(5) complete multiplets have smaller masses than the GUT scale, the success of the gauge coupling unification is not spoiled. In fact, some models, such as the gauge mediated SUSY breaking model [23] , the anomalous U(1) SUSY breaking model given in Ref. [24] , and the E 6 model [25] , predict existence of the extra matters at lower energy. In this case the the gauge coupling constant at the GUT scale becomes larger. Also, the renormalization factor A R is enhanced as Eq. (12) . Then, for fixed M X , the proton lifetime becomes shorter.
In Fig. (3) we show the proton lifetime as a function of contribution to the beta functions of the gauge coupling constants from the extra matters. The contribution from a pair of 5 and 5 ⋆ is one, and that from a pair of 10 and 10 ⋆ is three. Here, we fix M X = 1.0 × 10 16 GeV. and take the extra matter mass M to be 10 2 , 10 4 , and 10 6 GeV. From this figure, introduction of two extra generations (a pair of 5 and 5 ⋆ and a pair of 10 and 10 ⋆ ) with the masses 10 2 GeV is slightly disfavored.
Conclusion
The proton decay search is the most important for confirmation of the GUT. Now the minimal SUSY SU (5) GUT is excluded by the negative search since the dimensionfive operators induced by the charged Higgs exchange predict a large proton decay rate. However, the proton decay by the colored Higgs is highly model-dependent, and it is premature to conclude that the SUSY GUT is excluded. We hope that the search will be pushed as far as possible.
